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Abstract 
CFD (Computational Fluid Dynamics) is a useful tool to study air flow patterns in a 
room. Current CFD models are able to simulate air flow combined with temperature 
distributions and species distributions. In this paper a coupled CFD-HAM model is 
discussed. This model combines CFD with a HAM model (Heat, Air and Moisture) for 
hygroscopic materials. This coupled model is able to simulate air flow around a porous 
material and combines this with heat and moisture transport in the porous material. 
Validation with a small scale experiment in which gypsum board was used as a 
hygroscopic material showed good results. In this paper a further validation of the model 
is discussed based on a sensitivity analysis of some model parameters. Especially 
hygrothermal parameters like sorption isotherm and water vapour permeability proved to 
have a non negligible influence on the modelling outcome. Adding a hysteresis model 
showed improvement of the model during desorption. The model was also used to 
compare two modelling strategies. In one strategy the gypsum board was modelled as a 
uniform material, in a second approach the material was modelled as being layered. The 
difference between the two approaches showed to be negligible. 
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1. Introduction 
Temperature and relative humidity are two important parameters for damage risk 
assessment of buildings. E.g. too high levels of indoor relative humidity can cause mould 
growth on the inside surfaces of the building envelope. When moisture migrates through 
the building envelope, interstitial condensation can occur which can lead to rot, 
deterioration of outside surfaces or other damage phenomena. Even if humidity levels are 
kept low enough, damage can still occur due to too strong variations. E.g. paintings and 
artefacts can show cracks when exposed to fluctuating temperatures and humidity levels 
[1]. Having a good knowledge of the heat, air and moisture transport in a building is also 
of great importance for many other applications. Moisture buffering by hygroscopic 
materials levels out indoor relative humidity fluctuations. This can reduce the energy use 
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of HVAC systems [2] and improve the perceived indoor air quality at the same time [3]. 
In literature some examples are found where the importance of knowing the relative 
humidity in the design stage of a HVAC system is highlighted [4,5]. 
Buildings are complex systems and can be studied at different levels (whole buildings, 
rooms, building components…). Therefore, depending on the application, Heat, Air and 
Moisture transfer (HAM) in buildings is modelled through different approaches and a lot 
of different modelling tools are being developed. Overviews of recent developed HAM 
models are found in [6] and [7]. 
A new trend in HAM modelling is the coupling of these models to BES (building energy 
simulation) models or CFD (Computational Fluid Dynamics) models depending on the 
application aimed at. Both modelling approaches were evaluated by Steeman et al. [8]. 
Coupling HAM models with BES is useful when the impact of moisture on energy use in 
a building is studied. Examples of such modelling approaches are found in [9,10]. 
Kwiatkowski et al. [9] used an isothermal modelling approach and neglected the latent 
heat in the porous material, where Steeman et al. [10] added this to their model. 
Combining CFD with a HAM model is interesting when a detailed study of the air flow 
field around a hygroscopic object is needed. For example microclimates can occur near 
artefacts. A detailed study of these microclimates is necessary for the assessment of 
damage risks [11, 12]. 
Most BES programs are typically multizone models: they represent a room as one node 
and have the assumption that state variables (e.g. temperature, relative humidity…) are 
uniform for the entire zone (well-mixed air assumption). The coupling between the HAM 
model and the BES model is accomplished by using transfer coefficients. The heat 
transfer coefficient is used to model the heat transfer (convective and radiant) between 
the environment and the surface of the porous material (walls, furniture…). The mass 
transfer coefficient models the moisture transfer between the air and the porous material 
[13]. They have to be determined indirectly through empirical or analytical correlations 
or from CFD calculations. Often the heat and mass transfer analogy is used to convert 
heat transfer coefficients into mass transfer coefficients. Steeman et al. [14] however 
showed that this analogy does not always apply. 
CFD on the other hand does not require transfer coefficients to model the interaction 
between the fluid and solid interface. At the same time CFD allows the analysis of 
complex geometries and provides detailed information on temperature and humidity 
distributions in the air. One major drawback of CFD is the high computational cost. 
Therefore, up till now, applications are limited to the study of microclimates and building 
details. 
Whatever coupling approach is used, HAM models still need proper input data like 
boundary conditions, initial conditions and material property data. Extensive databases 
for these material properties can be found in literature [6, 15, 16]. However, recent 
studies revealed a large spread of some of these material properties when the same 
material was measured by different laboratories [16, 17]. It is often not clear how this 
will affect the model outcome. 
This paper highlights the importance of a sensitivity analysis for newly developed 
coupled HAM models. These models need a lot of material property data as input which 
introduce uncertainty to the model outcome. Therefore an elaborate sensitivity analysis is 
performed on a recently developed coupled CFD-HAM model [12]. The first part of this 
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paper gives a brief description of the model. This model is then used to simulate air flow 
over a gypsum board surface. In the reference case predefined material properties are 
used. Afterwards different input parameters are evaluated based on a so-called One-at-a-
Time sensitivity analysis. Also the air velocity, inlet temperature and humidity and the 
impact of hysteresis modelling are evaluated. 
Finally uniform modelling of gypsum board is investigated. Gypsum board is built up out 
of layers (finishing paper and gypsum) but modelled with averaged material properties. 
This modelling approach is compared to an approach where each layer is modelled 
separately. 
 
2. Model 
Standard CFD packages do not include a HAM model to simulate the interaction with 
porous materials. Therefore a new model was added to an existing CFD package 
(Fluent®). This model is discussed more detailed in Steeman et al. [12]. In this paper only 
a short overview of the modelling approach is given. 
Heat and moisture transfer in the air, porous material and at the interface is modelled in 
its full complexity. This makes the model very useful for the assessment of moisture 
related problems in microclimates. 
A direct coupling approach is used. This implies that the computational domain encloses 
the air region as well as the porous material and both domains are solved by one and the 
same solver. Nevertheless, for each region (porous material or air) a different set of 
equations has to be solved. 
By introducing the latent heat into the equations for heat transfer, the influence of phase 
change in the porous material is captured and the variation of temperature in the porous 
material can also be evaluated. 
 
2.1.  Heat and moisture transfer in the air 
The air is modelled as an incompressible ideal gas. In this case the energy and moisture 
transport equations reduce to equations (1) and (2). Note that for the transported 
variables, temperature, T [K], is chosen for the energy equation and the mass fraction of 
water vapour, Y [kg/kg], for the moisture transport equation. The same transport 
variables are used in the transport equations for the porous material. 
 
( ) ( ) ( ) ( )( )TgCCTCTvCT
t airvapairairair
rr −−∇∇=∇+∂
∂ λρρ ..  (1) 
( ) ( ) ( )( ) gYDYvY
t airairair
rr ... −∇=∇∇=∇+∂
∂ ρρρ  (2) 
 
with 
 ( ) airvap CYYCC −+= 1  (3) 
 
In these equations ρair [kg/m³] is the density of the humid air, Cvap [J/kgK] is the specific 
heat capacity of water vapour, Cair [J/kgK] is the specific heat capacity of air and C 
[J/kgK] is the weighted average specific heat capacity according to equation (3), λair 
[W/mK] is the thermal conductivity of air and g [kg/m²s] the water vapour diffusion flux. 
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D [m²/s] is the diffusion coefficient of water vapour in air. The first term on the left hand 
side of each transport equation is the storage term, the second term represents the 
convective term while the right hand side represents the transport by diffusion. 
 
2.2. Heat and moisture transfer in porous materials 
For the porous material zone the following assumptions are made in the model: 
 
− No air transfer occurs 
− Liquid transfer is not dominant 
− Moisture storage only depends on relative humidity 
− The temperature remains below the boiling point 
− There is no radiative transfer inside the porous material 
 
The model is only valid in the hygroscopic range (RH <98%). Here moisture transfer by 
equivalent vapour diffusion is dominant. This implies that the moisture transfer can be 
modelled by a single water vapour diffusion coefficient. Equations (4) and (5) describe 
the moisture transfer and the heat transfer in the porous material. Again, temperature T 
and vapour mass fraction Y are used as the transported variables. Note how latent heat of 
vaporization Lvap (2.5x106 J/kg) appears in equation (5). Due to the capillary action of the 
porous material, part of the water vapour entering the porous material condenses, even at 
relative humidity lower than 100%.  On the other hand liquid water evaporates from the 
pores when the porous material dries out. This phase change is accompanied by a latent 
heat effect. At low relative humidity (RH <40%), sorption and desorption are governed 
by adsorption of water molecules at the porous walls. This is accompanied by a heat of 
adsorption. For this model heat of sorption is assumed to be equal to the latent heat of 
vaporization. This assumption is often used in hygroscopic modelling [3]. 
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with 
 ( ) vapvapvapliqliqmatmat wLTCTwCTCE +++= ρ  (6) 
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In equations (4) to (9) mat refers to the dry material properties, liq stands for liquid water 
and vap for water vapour. In the material model described by equations (4) to (9) the 
following material properties have to be known: the sorption isotherm which states the 
relation between the equilibrium moisture content w [kg/m³] and the relative humidity 
RH, the vapour resistance factor μ [-] as a function of moisture content , the dry density 
ρmat [kg/m³], the heat capacity Cmat [J/kgK], the open porosity Φ [-] and the thermal 
conductivity λ [W/mK]. The vapour resistance factor can also be expressed as function of 
the relative humidity if no hysteresis is modelled. In that case a unique relationship 
between moisture content and relative humidity is assumed. The thermal conductivity λ 
combines the thermal conductivity of the dry material with the conductivity of the water 
captured in the material pore structure and is therefore a function of the moisture content. 
When no hysteresis is modelled it can be expressed as a function of the relative humidity. 
The liquid moisture content wliq and the water vapour content wvap in the porous material 
can be related to the total moisture content w through equations (8) and (9) taking into 
account that w = wliq + wvap and Φ = wliq/ρliq + wvap/ρvap.  
 
3. Reference case 
 
In order to perform a sensitivity analysis on the coupled CFD-HAM model, a proper 
reference case was selected. The same case was used by Steeman et al. [12] to validate 
the coupled CFD-HAM model. The case is based on an experimental setup discussed in 
detail by Talukdar et al. [18]. In this paragraph only a short description of the test facility 
is given. 
Figure 1 shows a schematic representation of the reference case setup. Only the section of 
interest is shown. The figure represents a part of a wind tunnel. Preconditioned air enters 
the section on the right hand side with a fully developed air profile. This air flows over a 
sample of porous material. Gypsum board was used for this investigation. Three gypsum 
boards with a thickness of 12.5mm were stacked on top of each other. The gypsum 
boards have a length of 500mm and a width of 298mm. Only the top of the stack is in 
contact with the air duct, the other boundaries are assumed to be adiabatic. The cross 
section of the duct has a height of 20.5mm and a width of 298mm. Air enters the duct at a 
constant temperature. The samples were preconditioned at a low relative humidity (30%) 
and constant temperature (23.3°C). Afterwards the relative humidity was changed to a 
higher value (RH=71.9%, T=23.8°C) for 24 hours and then lowered again for 24 hours 
(RH=29.6%, T=22.5°C). Thermocouples and RH sensors were placed at a depth of 
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12.5mm and 25mm to measure temperature and relative humidity in the hygroscopic 
material. 
The average air velocity in the duct was 0.82m/s which corresponds with a Reynolds 
number of 2000. The air was preconditioned before it entered the test section and an 
upstream developing section ensured a fully developed flow pattern. For the case of 
Re=2000 the airflow pattern was assumed to be laminar in accordance to [19]. 
A 2D structured grid was used, counting 33,800 rectangular cells. The grid was dense 
near the air material interface and gradually coarsened towards the bottom of the porous 
material and the centre of the duct. The grid dependency was investigated by using 
Richardson extrapolation [12]. The original grid was refined with a factor 2 and a factor 4 
for both the X and Y direction and the mass flow through the interface was calculated. 
Using Richardson extrapolation the exact mass flow rate through the interface can be 
calculated out of the different mass flow rates for the different grid sizes. Because the 
difference between the exact value and the simulated value is less than 1% it can be 
assumed that the solution is grid independent. In order to reduce numerical diffusion a 
second order upwind scheme is used for the discretization of the convective terms. The 
PISO algorithm is used for the pressure-velocity coupling. To reduce the round-off errors, 
a double precision representation of real numbers is used. 
 
4. Material properties 
The material properties used for the reference case were taken from IEA Annex 41 [16]. 
These properties are needed to solve equations (4) to (9). Report 2 of Annex 41 
comprises an elaborate round robin test for some of these porous material properties. 
Samples of the same gypsum board were sent to different laboratories where the material 
properties were determined. Figure 2 and 3 show the average sorption isotherm and 
vapour resistance factor calculated from the data of Annex 41 [16] together with the 
upper (w+) and lower (w-) measured values. The round robin test performed in subtask 2 
of this Annex revealed large discrepancies in the sorption isotherm and vapour resistance 
factor measured by 14 laboratories. Differences up to 20% were found. It is expected that 
this will have an influence on the model outcome, since the accuracy of the solution is to 
a great extent determined by the accuracy of the input parameters. 
 
Table 1 lists five properties of gypsum board used in the sensitivity analysis.  For each 
property an upper and lower limit is determined, which corresponds to an increase or 
decrease of 5% of the original value. This is indicated in the table by Min(-5%) and 
Max(+5%). First, simulations are performed with the reference values. The output of 
these simulations is referred to as the reference case. The sensitivity analysis is performed 
by changing one property at a time (so-called One-at-a-Time analysis). Note that for this 
analysis the effect of density and open porosity is not evaluated independently: it is 
assumed that an increase of the open porosity by 5% would result in a decrease of the 
density by 5% and vice versa. 
 
The properties listed in Table 1 are fairly easy to measure and can be often determined 
quite accurately. This is why Report 2 of Annex 41 [16] only includes a sensitivity 
analysis in which the effect of transfer coefficients, sorption isotherm and permeability 
was investigated. The influence of density, open porosity, heat capacity and thermal 
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conductivity was neglected. Nevertheless an uncertainty (though limited) can always be 
expected, which still justifies a sensitivity analysis for these parameters. Only a change of 
5% is considered, which is still higher than the expected uncertainty. 
 
To model the material properties as accurately as possible the following analytical 
functions are used to describe the sorption isotherm and the vapour resistance factor of 
gypsum board (Figure 2 and 3). The coefficients are determined by fitting the analytical 
functions to experimental data. 
cbRHaRH
RHwa ++= 2  (10) 
c
d b
RHaw
1
)ln(1
−
⎟⎠
⎞⎜⎝
⎛ −=  (11) 
naRH+= 1
0μμ  (12) 
For the analysis with hysteresis at least two sorption isotherm curves are needed: wa is the 
sorption curve during adsorption and wd during desorption. The corresponding 
coefficients for equations (10) to (12) are listed in Table 2. For each function a set of 
coefficients is given for the average curve fit, for the lower curve (-) and for the upper 
curve (+). No sensitivity analysis was performed on the desorption isotherm, so for this 
curve only one set of coefficients is given. 
 
5. Sensitivity analysis 
Studies of [16] and [17] showed a large variability of measured material properties, 
which stresses the importance of a sensitivity analysis. The effect of changes in the 
material properties on the numerical results will be studied in this section. In total five 
material properties are studied: dry density (combined with open porosity), thermal 
conductivity, heat capacity, sorption isotherm and moisture permeability. The latter is 
represented here as a water vapour resistance factor. The material properties of air are 
assumed to be constant in the model and are not investigated here. Their effect on the 
model is assumed to be negligible compared to the variability of the porous material 
properties. The same counts for the latent heat of vaporization which is assumed to be 
constant in the model.  
Temperature and relative humidity at a depth of 12.5mm and 25mm in the bed of gypsum 
board is simulated and a comparison between the different cases is made. In order to 
compare the results of the different simulations, Figure 4 proposes five parameters 
derived from a typical temperature and RH response inside gypsum board at a depth of 
12.5mm to a step change in relative humidity (step change from 30%RH to 71.9%RH, 
and back to 29.6%RH). ∆RHa indicates the magnitude of change in relative humidity 
after an adsorption phase. ∆RHd is the magnitude of RH change during a desorption 
phase. RHmax gives the maximum simulated relative humidity. Tmax stands for the 
maximum simulated temperature and Tmin for the minimum temperature. A similar 
approach was used in Annex 41. For all simulations the boundary and inlet conditions are 
the same. As a result the effect of material properties can be revealed.  
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Table 3 lists the simulated values for ∆RHa, ∆RHd and RHmax at a depth of 12.5mm and 
25mm. Table 4 does the same but for the simulated maximum temperature Tmax and the 
minimum temperature Tmin. Results for the reference case are shown in the first row of 
Table 3 and 4. When the relative humidity of the supplied air is changed from 30% to 
71.9%, vapour diffuses from the moist air to the drier porous material. During this 
adsorption phase, the relative humidity inside the material rises (as well as the moisture 
content). For the reference case the relative humidity reaches its highest value of 68.02% 
at a depth of 12.5mm and 65.64% at a depth of 25mm before the relative humidity of the 
supplied air is lowered again. Hygroscopic materials like gypsum board store liquid 
moisture at a relative humidity below 100%. At low relative humidity (RH<40%) water 
molecules are adsorbed/desorbed at the porous walls which is accompanied by a heat of 
adsorption. As mentioned before, in this model the heat of adsorption is assumed to be 
equal to the heat of vaporization. Hence, even though the relative humidity in the 
surrounding air is only 71.9%, part of the water vapour entering the gypsum board will 
condense in the in the  pores. This phase change in accompanied by latent heat release 
which explains the shape of the temperature curve on Figure 4. During the adsorption 
phase, water vapour condenses in the hygroscopic material resulting in a temperature rise 
in the material. During the desorption phase water vapour evaporates from the material 
which requires energy. As a result the temperature inside the gypsum board drops.   
 
5.1. Density, thermal conductivity and heat capacity variations 
The reference case is compared to the cases with different material properties. These 
simulations clearly show that changes of 5% in dry density, thermal conductivity and heat 
capacity have virtually no effect on the model outcome regarding both temperature and 
relative humidity. The same results were also found by [20]. Olutimayin et al. measured 
and modelled heat and moisture transfer in cellulose insulation. He also performed a 
sensitivity analysis but changed the material properties by 10% in stead of 5%. Still he 
concluded that the effect of thermal conductivity on the simulated temperature was less 
than 1% and could thus be neglected. 
 
5.2. Sorption isotherm and vapour resistance factor variations 
Simulations were performed for different sorption isotherms and vapour resistance 
factors corresponding with the curves shown on Figure 2 and 3. The results of these 
simulations are shown in Figure 5 and 6.  
Figure 5 shows that a higher sorption isotherm (w+) results in a decrease of the maximum 
relative humidity by 1.72% points and a decrease of the sorption isotherm (w-) results in 
a relative humidity increase by 0.94% points. These values are relatively low compared 
to the differences between the sorption isotherms. A variation of the sorption isotherm 
also affects the simulated temperature. The temperature change due to latent heat effects 
is slightly smaller for a lower sorption isotherm and slightly larger for a higher sorption 
isotherm. These results correspond with what can be physically expected. An increased 
sorption isotherm will result in higher moisture content and higher specific moisture 
content (∂w/∂RH). This means that the same moisture content would correspond with a 
lower relative humidity or, more vapour would have to diffuse into the porous material to 
reach the same relative humidity. In other words it will take a longer time for the air in 
the porous material to reach a certain relative humidity. The temperature variation due to 
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the phase change increases because more vapour condenses during adsorption and 
evaporates during desorption. 
Talukdar et al. [18] performed a similar study for spruce plywood and applied a ±10% 
variation for each material property. They found similar results. Increasing the sorption 
isotherm with 10% resulted in a reduction of the relative humidity by 6% relative to the 
applied step change, which was 50%RH. A reduction of the sorption isotherm increased 
the relative humidity by 6% relative to the step change. They found that the difference 
between the measured and the simulated values for relative humidity were typically 
smaller than the fluctuations they found for different sorption isotherms. They concluded 
that the sorption isotherm they used for the modelling agreed well with reality.  
Changing the vapour resistance factor by a higher or lower curve also changes the model 
outcome (see Figure 6). Similar to the higher sorption isotherm, a higher vapour 
resistance factor results in a lower relative humidity during the adsorption phase and a 
higher relative humidity during the desorption phase. The opposite counts for a lower 
vapour resistance factor. Again, the effect is more pronounced deeper in the material.  
A higher vapour resistance factor corresponds to a  lower vapour permeability. Thus it is 
more difficult for the water vapour to penetrate the porous material. This explains why a 
lower relative humidity is found during adsorption and a higher relative humidity is 
found during desorption. Simultaneously the temperature change due to the latent heat 
effect is less pronounced for a higher vapour resistance factor and the other way around 
for a lower vapour resistance factor. 
However, in reality the sorption isotherm and vapour resistance factor do not change 
independently and are both function of the pore structure. To investigate the combined 
effect of a changed sorption isotherm and vapour permeability, four simulations were 
performed: high sorption with high vapour resistance (w+ μ+), high sorption with low 
vapour resistance (w+ μ-), low sorption with high vapour resistance (w- μ+) and low 
sorption with low vapour resistance (w- μ-). The results of these simulations are shown in 
Figure 7. Again a higher sorption isotherm (associated to a larger moisture capacity) 
results in a lower relative humidity during adsorption and a higher relative humidity 
during desorption. In other words this will dampen the humidity variation in the material. 
Combining this higher sorption isotherm with a higher vapour resistance will further 
reduce the amplitude of the humidity change in the material. On the other hand, the 
combination with a lower vapour resistance will counter the effect which explains why 
the curve for w+ μ- does not differ much from the reference simulation.  
Similar effects are found for a lower sorption isotherm combined with a higher vapour 
resistance. A lower sorption isotherm will result in a higher relative humidity during 
adsorption and a lower relative humidity during desorption. A combination with a higher 
vapour resistance (w- μ+) will reduce the effect and will result again in a relative 
humidity curve that does not differ a lot from the reference case. On the other hand, a 
combination with a lower vapour resistance (w- μ-) will intensify the relative humidity 
increase/decrease. In other words, the relative humidity change in a material is damped 
by a higher moisture capacity and slowed down by a lower permeability (higher vapour 
resistance).  
Also the temperature is influenced by a change in sorption and/or permeability. This is 
shown in Figure 7 (b) and (d). Unlike the relative humidity response, the largest effect is 
found for w+ μ- and w- μ+. A low vapour resistance means that vapour easily diffuses 
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into or out of the material. A combination with a high sorption means that this vapour is 
easily stored by the material in the liquid phase. So more water vapour will 
condense/evaporate resulting in an increased latent heat effect. A high vapour resistance 
and a low sorption isotherm results in a reduced latent heat effect. 
With respect to the latent heat effects, a high sorption isotherm and high vapour 
resistance (w+ μ+) counteract each other. A high sorption (and higher moisture capacity) 
will increase the latent heat effect, a higher vapour resistance (lower permeability) will 
reduce the latent heat effect.  
Note that the combination of the sorption isotherms and the vapour resistance factors is 
arbitrary and does not necessarily correspond with a real material. To find out if similar 
conclusions still hold for real materials two extra simulations were performed on two 
other materials. The first material is calcium silicate (CaSi). This material has a higher 
sorption isotherm than gypsum board and also a higher permeability. The second material 
is ceramic brick, which has a much lower permeability and sorption isotherm than the 
gypsum board. The material properties for these cases were taken from [21]. To model 
the sorption isotherm and the vapour resistance, again the analytical functions given by 
Equation (11) and (12) are used. The corresponding coefficients are found in Table 5. 
The simulation results are shown in Table 3 and 4 and in Figure 8. For CaSi almost no 
change in relative humidity is found. A higher sorption isotherm and a higher 
permeability counter each other with respect to the relative humidity response of the 
material. However, more vapour condenses in the CaSi during adsorption resulting in a 
higher latent heat effect. These results correspond with the previously discussed w+μ- 
case.  
Ceramic brick has a much higher vapour resistance and a lower sorption isotherm than 
gypsum board. This results in almost no temperature change due to latent heat effect in 
the material. These results correspond with the w-μ+ case. However, due to the much 
lower sorption isotherm, less water condenses inside the material and the relative 
humidity inside the material is less damped due to the lower moisture capacity. These 
simulations prove that the model predicts the correct trends.  
 
5.3. Influence of air velocity, transfer coefficients, inlet temperature and relative 
humidity.  
Simulation results shown up till now were all computed with laminar flow conditions. 
The average inlet velocity of 0.82m/s corresponds with Re=2000. Increasing the 
Reynolds number to 5000, and thus increasing the average velocity, results in a turbulent 
flow over the gypsum sample. Increasing the Reynolds number will also increase the 
transfer coefficients for heat and mass. Nevertheless, when analyzing the results in Table 
3 and 4 it is clear that this higher mass transfer coefficient has almost no effect on the 
response of the relative humidity inside the material. Mass transfer between the air and 
the porous materials is thus obviously dominated by the vapour diffusion resistance and 
not by the mass transfer coefficient. The same conclusions were also drawn in subtask 2 
of Annex 41 [16] where a change of 10% in the mass transfer coefficient had no 
significant effect. 
Increasing the heat transfer coefficient leads to changes in the temperature response. In 
case of a higher heat transfer coefficient, the temperature change due to the latent heat 
effect is damped out due to the better heat transfer from the material to the air. 
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Two more boundary conditions can be considered: the inlet temperature and inlet relative 
humidity. These conditions were measured during the experiments and are accompanied 
by an uncertainty. For the temperature this uncertainty was 0.1°C, for relative humidity 
this uncertainty was 2%RH. An under- or overestimation of these boundary conditions 
will affect the model results. To evaluate the impact of an incorrect boundary condition 
estimation, simulations with altered inlet conditions were performed (inlet temperature 
±0.1°C, inlet relative humidity ±2%). The results of these simulations are found in Table 
3 and 4. Changing these parameters clearly has a direct impact on the model outcome. 
Changes to the inlet temperature only affect the temperature result inside the material and 
have almost no effect on the relative humidity in the material. However, changing the 
inlet relative humidity affects both temperature and relative humidity. A higher inlet 
relative humidity will result in a higher relative humidity inside the material, but also a 
higher latent heat effect in the material, because more water vapour will condense.  
 
5.4. Hysteresis versus no hysteresis modelling 
For most porous materials there is no unique relationship between the moisture content 
and the relative humidity because hysteresis occurs during the sorption/desorption 
process. The material will behave differently during adsorption and desorption. Therefore 
a hysteresis model based on the ‘ink bottle effect’ was included in the coupled CFD-
HAM model. This model was originally proposed by Mualem [22] and then later 
simplified by Milly [23]. A more detailed explanation of this model is found in [12]. 
The reference case discussed in this paper was validated elaborately in [12]. Measured 
temperature and relative humidity at a depth of 12.5mm and 25mm in the gypsum board 
are plotted on Figure 8. The uncertainties on the measurements were ±2% for relative 
humidity and ±0.1°C for temperature. No perfect match between the measured and 
simulated relative humidity was found, but the results were still acceptable. To obtain a 
better agreement between the model and the experiment, the relative humidity should be 
higher during the adsorption phase and lower during the desorption phase. Figure 9 
shows that the agreement is better at a depth of 12.5mm than at 25mm.  
Implementing a hysteresis model improves the predicted relative humidity during the 
desorption phase. This is in agreement with the expectations. The hysteresis model uses a 
desorption isotherm during the desorption phase which has higher values for moisture 
content than the adsorption isotherm at the same relative humidity. As a result, 
implementing a hysteresis model gives similar results during desorption as the lower 
isotherm (wa-) in Figure 2. Combining a lower sorption isotherm with hysteresis result in 
an even better agreement, also during the adsorption phase as would be expected.  
The agreement between the simulated and measured temperatures is rather poor. Strange 
fluctuations in the measured temperature are found which could be explained by the 
fluctuating inlet temperature. Although the test setup was designed to supply a constant 
inlet temperature, reality showed that this was not always the case. Inaccurate positioning 
of the thermocouples and RH sensors could also explain some of the deviations. 
Therefore it is hard to conclude whether the model has good agreement for temperature 
or not.  
 
5.5. Modelling gypsum board as layered 
Gypsum board is built up out of multiple layers but modelled as a uniform material which 
could affect the simulations. The gypsum board used in this study has a thickness of 
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12.5mm and consists out of three layers: a layer of finishing paper at both sides 
(thickness 0.5mm) and a layer of gypsum in between (thickness 11.5mm). Roels et al. 
[24] measured the material properties for each layer separately. The sorption isotherm 
and the vapour resistance factor for paper and gypsum are given by equations (13) and 
(14). The corresponding coefficients are listed in Table 6. No hysteresis is considered so 
only the adsorption isotherm is considered. 
 
( )( ) nnnvwsat RHTRaww /)1()ln(1 −−+= ρ  (13) 
)exp(
1
cRHba +=μ  (14) 
 
Here ρw represents the water density (998.2 kg/m²) and Rv is the specific gas constant for 
water vapour (462 J/kgK). 
Figure 10 shows some simulation results for relative humidity and temperature in the 
gypsum board for uniform modelling and layered modelling. These results differ from the 
reference case because a slightly different sorption isotherm and vapour resistance has 
been used: the curves used here are the ones measured by Roels et al. [21] and 
correspond to the lower curves in Figure 2 and Figure 3. This explains why the predicted 
relative humidity is higher during adsorption and lower during desorption. The difference 
in simulated relative humidity and temperature for the uniform and layered modelling is 
negligibly small. By consequence modelling the gypsum board as layered has limited 
impact on the model outcome.  
 
6. Conclusions 
An extensive sensitivity analysis was performed on a recently developed coupled CFD-
HAM model. This model uses CFD to calculate the indoor air distributions around a 
porous material and combines this with a HAM model to incorporate the heat and mass 
transfer between air and the porous material. By using a direct coupling method, no 
external data exchange between the two models is needed which increases the 
computational speed of the model.  
Data from a benchmark transient heat and mass transfer experiment performed during 
IEA Annex 41 were used as a reference case for the sensitivity analysis. The material 
data used for this case were the average values found in a round robin test which was also 
performed during IEA Annex 41. This test showed that large discrepancies could occur 
between material properties measured at different laboratories.  
In this paper it is shown that the coupled CFD-HAM model is rather insensitive to 
deviations of most of the material properties. For density, heat capacity and thermal 
conductivity of the porous material no significant effect on simulated temperature and 
relative humidity was found when these properties were changed by 5%. The impact of 
sorption isotherm and vapour resistance factor was more severe. These properties are 
often harder to measure, resulting in large uncertainties. Deviations in the simulated 
relative humidity up to 2%RH were found for the different isotherms and resistance 
factors. These hygroscopic properties also have an impact on the calculated temperature 
although this effect is limited. 
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Increasing the air velocity from laminar to turbulent had no effect on the relative 
humidity inside the porous material because the diffusive mass transfer dominates over 
the convective mass transfer. This is however not the case for temperature, where the 
impact of the convective heat transfer coefficient is of more importance. 
The effect of hysteresis modelling was also investigated in this paper. Including 
hysteresis in the model improved the model outcome, though it is not sufficient to get a 
full agreement with measurement data. These deviations can now be explained by the 
sensitivity analysis. A large uncertainty of the material property data, especially of the 
sorption isotherm and the vapour resistance leads to deviations in the modelling outcome. 
The combined effect of an uncertainty on the sorption isotherm and on the vapour 
resistance can lead in some cases to even greater deviations in the model. These effects 
are large enough to explain why the model does not fully match the measurements.  
Finally, modelling gypsum board as a layered material showed to have no impact on the 
results. 
This paper shows that the model works well and that its accuracy is to a great extent 
determined by the accuracy of the input data and material properties. For the moisture 
transfer modelling this data is still accompanied by large inaccuracies and even 
discrepancies between laboratories which means that more research is certainly needed.  
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8. Nomenclature 
 
a  Coefficient in sorption isotherm or vapour resistance factor 
b  Coefficient in sorption isotherm or vapour resistance factor 
c   Coefficient in sorption isotherm 
C  Specific heat capacity (J/kgK) 
D  Vapour diffusion coefficient in air (m²/s) 
d  Thickness (m) 
E  Internal energy (J) 
g  Vapour diffusion flux (kg/m²s) 
Lvap  Latent heat of vaporization (J/kg) 
n   Coefficient in sorption isotherm 
RH  Relative Humidity (%) 
∆RHa  Magnitude of change in relative humidity after an adsorption phase (%) 
∆RHd  Magnitude of change in relative humidity after a desorption phase (%) 
RHmax Maximum relative humidity (%) 
Re  Reynolds number (-) 
Rv  Specific gas constant of water vapour (J/kgK) 
T  Temperature (K) 
t  Time (s) 
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v  Velocity (m/s) 
w  Volumetric moisture content in porous material (kg/m³) 
w+  High limit for sorption isotherm curve 
w-  Low limit for sorption isotherm curve 
Y  Mass fraction of water vapour (-) 
 
Greek symbols 
 
Φ  Open porosity (-) 
λ  Thermal conductivity (W/mK) 
μ  Vapour diffusion resistance factor (-) 
μ+  High limit for vapour diffusion resistance factor curve (-) 
μ-  Low limit for vapour diffusion resistance factor curve (-) 
μ0  Vapour diffusion resistance factor for dry material  
ρ  Density (kg/m³) 
 
Subscripts  
a  Adsorption 
air  Dry air 
d  Desorption  
liq  Liquid water 
mat  Dry material 
max  Maximum  
min  Minimum 
sat  Saturation 
vap  Water vapour 
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Figure 1. Reference case setup 
 
Figure 2. Sorption isotherms for gypsum board (data from [16]) (a) and measured 
differences between the curves (b). Full lines in (a) correspond with equation (10), x, + 
and o correspond with measurements. 
 
Figure 3. Vapour resistance factors for gypsum board (data from [16]) (a) and measured 
differences between the curves (b). Full lines in (a) correspond with equation (12), x, + 
and o correspond with measurements. 
 
Figure 4. Typical response of the temperature (a) and relative humidity (b) in gypsum 
board at a depth of 12.5mm for a step change induced in the relative humidity of the 
surrounding air (29.6%RH-71.9%RH). 
 
Figure 5. Effect of variation in sorption isotherm on the model outcome. Relative 
humidity at a depth of 12.5mm in the gypsum board(a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d).  
 
Figure 6. Effect of variation in vapour resistance factor on model outcome. Relative 
humidity at a depth of 12.5mm in the gypsum board (a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d). 
 
Figure 7. Combined effect of sorption isotherm and vapour resistance factor. Relative 
humidity at a depth of 12.5mm in the gypsum board (a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d). 
 
Figure 8. Comparison of the model results for CaSi, brick and gypsum board (same 
boundary and inlet conditions).   
 
Figure 9. Comparing the model with hysteresis and without at a depth of 12.5mm (a,b) 
and 25mm (c,d) for relative humidity and temperature. 
 
Figure 10. Modelling gypsum board as a uniform material or layered. Temperature and 
relative humidity at a depth of 12.5mm (a,b) and 25mm (c,d). 
 
Table 1. Material properties gypsum board 
 
Table 2. Coefficients for sorption isotherms and vapour resistance factor of gypsum 
board 
 
Table 3. Relative humidity change in the adsorption phase ∆RHa, relative humidity 
change in the desorption phase ∆RHd and the maximum relative humidity RHmax at a 
depth of 12.5mm and 25mm 
 
Table 4. Maximum temperature Tmax and minimum temperature Tmin during simulation 
at a depth of 12.5mm and 25mm 
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Table 5. Material properties of calcium silicate and ceramic brick adopted from [21] 
 
Table 6. Coefficients for the sorption isotherm and vapour resistance factor of finishing 
paper and gypsum [24] 
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Figure 1. Reference case setup 
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Figure 2. Sorption isotherms for gypsum board (data from [16]) (a) and measured 
differences between the curves (b). Full lines in (a) correspond with equation (10), x, + 
and o correspond with measurements. 
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Figure 3. Vapour resistance factors for gypsum board (data from [16]) (a) and measured 
differences between the curves (b). Full lines in (a) correspond with equation (12), x, + 
and o correspond with measurements. 
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Figure 4. Typical response of the temperature (a) and relative humidity (b) in gypsum 
board at a depth of 12.5mm for a step change induced in the relative humidity of the 
surrounding air (29.6%RH-71.9%RH). 
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Figure 5. Effect of variation in sorption isotherm on the model outcome. Relative 
humidity at a depth of 12.5mm in the gypsum board(a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d).  
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Figure 6. Effect of variation in vapour resistance factor on model outcome. Relative 
humidity at a depth of 12.5mm in the gypsum board (a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d). 
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Figure 7. Combined effect of sorption isotherm and vapour resistance factor. Relative 
humidity at a depth of 12.5mm in the gypsum board (a). Temperature at a depth of 
12.5mm (b). Relative humidity at 25mm (c). Temperature at 25mm (d). 
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Figure 8. Comparison of the model results for CaSi, brick and gypsum board (same 
boundary and inlet conditions).   
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Figure 9. Comparing the model with hysteresis and without at a depth of 12.5mm (a,b) 
and 25mm (c,d) for relative humidity and temperature. 
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Figure 10. Modelling gypsum board as a uniform material or layered. Temperature and 
relative humidity at a depth of 12.5mm (a,b) and 25mm (c,d). 
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Table 1. Material properties gypsum board 
Material property unit Reference value Min (-5%) Max (+5%) 
Thickness d m 0.0125 - - 
Density ρ kg/m³ 690 655.5 724.5 
Open porosity Φ - 0.419 0.448 0.39 
Thermal conductivity λ W/mK 0.198 0.188 0.208 
Heat capacity Cmat J/kgK 840 798 882 
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Table 2. Coefficients for sorption isotherms and vapour resistance factor of gypsum 
board 
 
 + Average - 
Absorption isotherm wa gypsum board    
a -0.562516742 -0.81655 -0.8054748 
b 0.560112656 0.85157 0.883480733 
c 0.047583587 0.011176 0.007663124 
Desorption isotherm wd gypsum board    
a  13.91382  
b  0.079139  
c  1.944272  
Vapour resistance factor gypsum board    
μ0 13.2 10.68205 8.24 
a 1.268102 1.229557 1.512357696 
n 3.392995 2.983921 3.174273855 
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Table 3. Relative humidity change in the adsorption phase ∆RHa, relative humidity 
change in the desorption phase ∆RHd and the maximum relative humidity RHmax at a 
depth of 12.5mm and 25mm 
 @12.5mm  @25mm  
 ∆RHa[%] ∆RHd[%] RHmax[%] ∆RHa[%] ∆RHd[%] RHmax[%] 
Reference case 38.02 35.31 68.02 35.64 30.83 65.64 
Experiment  41 40.2 71.5 38.9 36.4 69.1 
ρ+5% 38.02 35.32 68.02 35.64 30.84 65.64 
ρ-5% 38.02 35.31 68.02 35.64 30.83 65.64 
λ+5% 38.02 35.32 68.02 35.66 30.86 65.66 
λ-5% 38.01 35.30 68.01 35.62 30.80 65.62 
Cmat+5% 38.02 35.32 68.02 35.64 30.84 65.64 
Cmat-5% 38.02 35.31 68.02 35.64 30.83 65.64 
Sorption isotherm + 36.30 31.27 66.30 33.03 24.32 63.03 
Sorption isotherm - 38.96 37.26 68.96 37.07 33.96 67.07 
μ+ 36.84 32.58 66.84 33.77 26.27 63.77 
μ- 39.18 37.97 69.18 37.51 35.45 67.51 
w + μ - 37.77 34.38 67.77 35.32 29.43 65.32 
w - μ + 37.88 34.74 67.88 35.35 29.76 65.35 
w + μ + 34.87 28.56 64.87 30.73 19.80 60.73 
w - μ - 39.99 39.46 69.99 38.79 37.65 68.79 
RH+2% 39.54 34.45 69.54 36.95 29.49 66.95 
RH - 2% 36.38 36.09 66.38 34.21 32.09 64.21 
T + 0.1°C 38.01 35.98 68.01 35.65 31.57 65.65 
T - 0.1°C 37.94 35.23 67.94 35.55 30.71 65.55 
Layered  40.18 39.11 70.18 39.12 37.08 69.12 
Uniform  40.15 39.07 70.15 39.08 37.01 69.08 
Brick 39.90 39.72 69.90 38.52 37.95 68.52 
CaSi 37.22 34.99 67.22 34.53 30.58 64.53 
Re=5000 38.21 35.66 68.21 35.85 31.24 65.85 
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Table 4. Maximum temperature Tmax and minimum temperature Tmin during simulation 
at a depth of 12.5mm and 25mm 
 @12.5mm @25mm 
 Tmax [°C] Tmin [°C] Tmax [°C] Tmin [°C] 
Reference case 24.46 21.88 24.54 21.81 
Experiment  24.8 22.2 24.9 22.3 
ρ+5% 24.44 21.89 24.53 21.82 
ρ-5% 24.47 21.86 24.56 21.79 
λ+5% 24.46 21.88 24.54 21.81 
λ-5% 24.46 21.88 24.55 21.80 
Cmat+5% 24.44 21.89 24.53 21.82 
Cmat-5% 24.48 21.86 24.56 21.79 
Sorption isotherm + 24.57 21.83 24.66 21.78 
Sorption isotherm - 24.41 21.91 24.50 21.83 
μ+ 24.37 21.97 24.44 21.92 
μ- 24.57 21.75 24.68 21.65 
w + μ - 24.70 21.69 24.81 21.61 
w - μ + 24.33 22.00 24.40 21.94 
w + μ + 24.48 21.94 24.54 21.91 
w - μ - 24.51 21.79 24.62 21.68 
RH+2% 24.51 21.86 24.60 21.79 
RH-2% 24.41 21.90 24.50 21.82 
T+0.1°C 24.54 21.97 24.63 21.89 
T-0.1°C 24.38 21.78 24.46 21.71 
Layered  24.51 21.83 24.62 21.72 
Uniform  24.52 21.81 24.63 21.71 
Brick 23.86 22.36 23.86 22.36 
CaSi 25.35 20.97 25.67 20.82 
Re=5000 24.34 21.97 24.43 21.90 
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Table 5. Material properties of calcium silicate and ceramic brick adopted from [21] 
 Calcium silicate Ceramic brick 
Density ρ (kg/m³) 270 2005 
Porosity Φ (-) 0.894 0.157 
Thermal conductivity λ (W/mK) 0.06+5.6e-4 w 0.5+4.5e-3 w 
Heat capacity Cmat (J/kgK) 1000 840 
Sorption isotherm   
a 894 157 
b 0.000254 0.000111 
c 1.38112 1.485996 
Vapour resistance factor   
μ0 5.420218 29.10871 
a 0.053657 -0.00031 
n 31.5258 2.075083 
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Table 6. Coefficients for the sorption isotherm and vapour resistance factor of finishing 
paper and gypsum [24] 
 Sorption isotherm 
 wsat a n 
Finishing paper 155 1.35e-6 1.48 
Gypsum 130 50.7e-6 1.55 
Uniform 130 24.8e-6 1.52 
 Vapour resistance factor 
 a b c 
Finishing paper 0.1 4.78e-3 4.10 
gypsum 0.1 4.78e-3 4.10 
 
 
